Introduction
Temperature extremes set limits on the growth of all crop species. In mountainous regions, such as Papua New Guinea (PNG), there is a regular and linear decrease in temperature with increasing altitude. This regularity is known as the lapse rate (McAlpine et al. 1983:92) . 1 This relationship is sufficiently precise to enable altitude data to be substituted for temperature data. Furthermore, in regions located at low latitudes, the temperature differences from north to south at a given altitude are small, and similarly, seasonal variation in temperature is very small. 2 This means that estimates of average yearly temperature can be made from altitude with a high degree of precision.
In this paper, I report on the altitudinal limits of 230 crop species based on numerous field observations. It is relatively easy to observe altitudinal limits in PNG because of the rugged topography and the large altitudinal contrasts over short distances. These data were mostly recorded over a three-year period (1980) (1981) (1982) and the observations were made during extensive driving trips and walking traverses. The main economic product of most of the species (182) is food. The main products of the other species are export commodities (13 species), shade and timber (11), stimulants (6) , decoration (6) , body covering (6) , cover crops, fish poison and weeds (6) .
1 This is treated in more detail in Appendix 1 where lapse rates for mean maximum, mean minimum and mean annual temperatures for non-coastal locations in PNG are given. 2 Most of PNG lies in the latitude range [1] [2] [3] [4] [5] [6] [7] [8] [9] o S where seasonal temperature differences are very small (typically 1-2 o C). A small proportion of the land mass is at 9-12 o S and the wettest part of the year coincides with the Southern Hemisphere winter. There seasonal temperature differences are a little greater (typically 2-3 o C) but, even there, the most important environmental influence on temperature is altitude.
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some observations on crop altitudinal limits are given for the upper Lai Valley, Enga Province (Meggitt 1958:314-320) ; Baiyer-Lai valleys, Western Highlands Province (Bulmer 1960:63) ; Asaro Valley, Eastern Highlands Province (Howlett 1962:81-82, 102) ; and the Sinasina area of Simbu Province (Hide et al. 1979) . In particular, a lower altitudinal limit of 1800-1850 m for karuka nut pandanus (Pandanus jiulianettii complex) is reported by numerous field workers in the highlands. Papua New Guinea-wide limits for several food crops have been presented by Treide (1967:118-119 ) and reproduced in a modified form by Brookfield with Hart (1971:171) . Bayliss-Smith (1985) , French (1986) and Haberle (1993:301) have also given altitudinal limits for various food crops for all of PNG, based in part on my unpublished recordings.
A major data source for crop altitudinal limits in PNG is the collection records and publications of the Division of Botany, Department of Forests in Lae (now Forest Research Institute of the PNG Forest Authority). The collections have been made by Division of Botany staff and by others seeking botanical identification. For example, the altitudinal distribution of various species of grasses, weeds, legumes and nut-bearing plants are given by Henty (1969) , Henty and Pritchard (1975) , Verdcourt (1979) and Henty (1982) respectively. Some botanists provide data on other species. Hynes (1974) , for example, gives the altitudinal range of 13 species of Nothofagus in New Guinea, while Smith (1977a Smith ( , 1977b presents data on the altitudinal distribution of both food and non-food species in the Mount Wilhelm area. Gardner (2003) gives limits for certain Piper species.
However, the published information should be used cautiously, for the following reasons:
1. Before the 1:100,000 map sheets becoming available in the late 1970s and early 1980s, most quoted figures for locations in PNG underestimated the true altitudes. This is because these were derived from altimeter readings when the instrument was zeroed at sea level, generally using aircraft instruments. Because of air-pressure surface flows into the mountains, these instrument readings give systematic errors. This is discussed more fully in Appendix 3. 2. Botanical specimens identified by Division of Botany staff were collected for purposes other than defining limits. Rarely is there an indication that the specimen was collected at or near the species' altitudinal limit. As well, the collection records do not indicate whether the specimen was found within or outside the usual altitudinal range for that species.
Provided these limitations are recognised, the Division of Botany records are a valuable data source. I have incorporated some of their recordings in data presented here, particularly when the Division of Botany records extend the extreme ranges that I recorded. I have published some of my observations in other papers. These include observations for Enga Province only (Bourke and Lea 1982) ; citrus species (Bourke and Tarepe 1982) ; limits of some introduced vegetables (Bull and Bourke 1983) ; coffee and associated shade species (Bourke 1984) ; for Gumine District only (Bourke 1988) ; 22 selected species (Allen and Bourke 2009, Table 1.13.3) ; fruits and edible nuts (Bourke 2009a) ; and starchy food species (Bourke In press) . Some of the figures presented here differ slightly from those I have published previously. This reflects additional observations made since earlier papers, or reinterpretation of some data.
Methods
Observations on crop altitudinal limits were made during numerous traverses by foot and vehicle throughout PNG ( Figure 1 ). For any given geographical unit, such as a valley, I recorded the altitude at which each species was growing near the previously observed limit of that species. The altitude was recorded with an accurate pocket altimeter (Thommen 2000) and appropriate adjustments were made so the readings were within plus or minus 20 m of the true altitude (see Appendix 3 for details of necessary corrections). The highest recording for a species in any geographical unit was considered the upper altitudinal limit, provided that the species ceased to be grown below the highest point of the traverse. The same technique was used for lower limits. An example of a traverse by car and foot in the Marigl Valley, Gumine District, Simbu Province, over the range 1450-2450 m illustrates the technique. The highest recordings for triploid banana (2310 m), Arabica coffee (2170 m) and guava (2020 m) were taken as upper altitudinal limits for these species in this valley. However, the lower recordings (1450-1500 m) were not taken as the lower limits because observations elsewhere in PNG indicated these species grow below the lowest point of this traverse.
A distinction was made between the 'usual' and 'extreme' altitudinal limits for any species 3 . Most limits were considered as usual, but limits were classed as extreme under the following circumstances:
1. Isolated plantings that were well above or below the usual limit for that species in that location. 2. Plantings that were clearly experimental and were not bearing a product of generally accepted quality. 3. Plantings made under extraordinary conditions, such as in a hothouse.
For example, recordings for pineapple plants at Margarima (2200 m) and Kandep (2380 m) producing tiny fruit and grown well above other pineapple plants in nearby locations (1800-1900 m) were considered as extreme limits. Similarly, a recording for pineapples grown in a glasshouse at Tambul (2320 m) was taken as an extreme value.
The distinction between usual and extreme limits is to some degree subjective, but it is an important one. It is not uncommon for small plantings of a species to be made well outside the usual altitudinal range of that species. These extreme limits are of some interest, but are less important than the usual limits. A distinction between usual and extreme altitudinal limits has also been made by authors working in other countries, although the terminology differs among authors. In Ethiopia, Alkämper (1973) classed altitudinal zones as main cultivation, sporadic cultivation and extreme cultivation. Brush (1976) distinguished between the 'effective' crop limits and 'absolute' limits in Peru, while in Ecuador Stadel (1986) used the terms 'major belt' and 'minor belt' for altitudinal ranges.
Plants of some species grow above (or below) where they produce their main economic product. This is particularly the case for some fruit-and nut-bearing species such as mango, elderberry and coconut. All limits presented here are for plants that are yielding their main economic product. When it was not obvious whether the economic product was being produced, I asked local villagers about the behaviour of individual plants. Responses indicating 3 An alternative term to 'usual limit' is 'optimal limit'. However the altitude at which people usually cease growing a species is often somewhat lower (or higher) than the optimal altitude. For example, the usual altitudinal range of pawpaw (Carica papaya) was recorded from sea level (0 m) to 1700 m (n=30; Standard Deviation 100 m for the upper limit). However the altitude range where the best fruit are produced is from sea level to about 1400 m in PNG. The difference between the optimal limit (which was not recorded systematically) and the usual limit (data presented here) varies between species, but is typically about 200 m (equivalent to 1 o C temperature difference).
terra australis 32 Figure 1 . Locations referred to in the text that a particular plant or group of plants did not bear were taken as indicating that they were outside their usual range. A response indicating that plants bore sparsely or yielded poor quality products was also useful as this suggested that plants were growing near their limit. 4 Similarly, comments by villagers (or my observations) that plants had failed to bear their economic product was a useful indicator that they had been planted above (or below) their altitudinal limit. 5 Most observations were made over a three-year period (1980) (1981) (1982) . Recordings commenced in mid 1978, but when more accurate topographic maps became available in 1979, I realised that I was systematically underestimating altitude using an altimeter (as others had previously done). I adjusted the 1978 and 1979 observations with more accurate recordings of altitude. Some additional recordings were made between 1983 and 1995, particularly in 1991 when new observations were made at various locations on the Huon Peninsula of Morobe and Madang provinces, including the Nankina Valley, Teptep area, Pindiu area and Kabwum area; and in the Telefomin area of Sandaun Province.
I made most of the observations, but some were made by others (see Acknowledgements). I also examined the collection records for many species held by the Division of Botany in Lae. This was useful in guiding field observations. Where one of the identifications made by Division of Botany staff was from a location with an altitude outside the altitude range that I recorded, this is indicated in the footnotes of the tables.
Observations were made in 18 of the 19 provinces in PNG; the exception was Manus Province, which is a lowland province where people occupy a small altitude range and altitudinal limits are of minor importance. More observations were made in the central highlands than elsewhere in PNG because of the high density of people and agriculture and the good road network. Observations covered all districts of the Highlands region and most districts in the Islands and Momase regions. Traverses were made along virtually all vehicle roads in PNG that extend more than 100 m above sea level. All major mountainous areas were visited. There were numerous lowland areas where recordings were not made; for example, in Western Province, I only made observations in the Kiunga to Ningerum area. The major foot traverses were as follows: Menyamya (Morobe Province) to Swanson River (Gulf ); Baining Mountains of New Britain; Nakanai Mountains of New Britain; east coast to west coast of New Ireland, via the Lelet Plateau; Managalas Plateau (Oro) to Kokoda Trail (Central); Chimbu Valley (Simbu) to Ramu Valley via Bundi (Madang); a series of walking traverses on the Huon Peninsula of Morobe and Madang provinces; Golgobip to Olsobip area (Western Province); and Bimin to Oksapmin (Sandaun Province).
The geographical unit used as a sampling framework was usually a valley or plateau, but sometimes it was an administrative one such as a census division. The areas of the units differ and are smaller where population density is greater. For each geographical unit, there are four possible values for any species: the usual upper and lower altitudes, and the extreme upper and lower altitudes. The mean usual limits were derived by averaging the values from the different geographical units. This technique provides an imperfect estimate of mean altitudinal limits. Sources of error are:
1. Erroneous altimeter readings. Such errors were largely eliminated in this study by setting the instrument at a point of known altitude and using a number of corrections where necessary (see Appendix 3 for details).
4
Where plants did not bear, this was recorded as outside the usual and the extreme limits for that location. Recordings of extreme limits are for plants which bore the economic product. 5 Black pepper provides an example of this process (See Footnote 12, Table 6 ). Pepper is not commonly grown in PNG except at low altitudes, so records of where pepper failed to bear suggest that the usual upper limit is likely to be below 700 m.
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2. An inconsistent sampling framework and varying numbers of observations per species.
For any particular geographical unit, observations are available only for some species and the mix of locations used to derive mean figures is different for each species. Observations are dictated by where crops are grown and road or walking access to the altitude where they cease to be grown. To overcome this limitation in part, data were gathered on 12 important economic crops at 10 locations between 1600 m and 2500 m; and for five other crops at 15 locations between 700 m and 1400 m. 3. Slope aspects. Cultivation tends to be higher on the east-and north-facing slopes in PNG (Smith 1978) . Differences in slope aspect contribute to the error component of these data, but are not considered as great as climatic differences between different locations. 4. Global climate change. Most observations were made over a relatively short period in the early 1980s, but some were made in the late 1980s and early 1990s when temperatures were somewhat higher than in the early 1980s (Bourke et al. 2002) . 5. Poorly defined limits. There is a large range in the upper limit for a number of species, particularly green vegetables, as many different species can be grown and villagers are not tempted to grow a species as high as possible. This results in a high error term for some species, particularly green leafy vegetables.
Results and discussion
Data on the usual and extreme altitudinal ranges of 230 crop species and one plant pathogen are presented in Tables 1 to 6 . These data are grouped depending on the main economic product, as follows: starchy foods, traditional vegetables, introduced vegetables, fruits, nuts and non-food species. French (1986) . Where the usual or extreme lower limit is near sea level (<100 m), this is given as 0 m rather than a mean of actual recordings. Virtually all species that grow below 100 m grow near the ocean, the exception being marita pandanus (Pandanus conoideus), which is not usually planted near the ocean (Table 4) .
Means have been derived for a usual limit where I have a minimum of three observations in different parts of PNG. Means based on three or four observations only must be regarded as approximate. The exception is where the mean upper limit is about 2700 m. This is because the upper limit of arable agriculture in PNG may be taken as 2700 m and food gardens are uncommon above this altitude. Because gardens above 2700 m are planted in a limited number of locations, means for crops that grow up to the limit of agriculture are generally based on only three to five recordings. These crops are potato (Table 1) , Ficus dammaropsis, Rorippa schlechteri, Rungia klossii, Setaria palmifolia and Solanum americanum (Table 2) , leek, shallot, spring onion, turnip, carrot, pea and broad bean (Table 3) , and pyrethrum and Eleocharis dulcis (Table 6 ). This upper limit of arable agriculture is imposed by the upper limit of sweet potato, the staple food in the highlands. If agriculture was practised at higher altitudes, many of these 15 species would have a higher usual upper limit.
For many vegetables, both traditional and introduced, it is sometimes difficult to define altitudinal limits with much precision, the reason being that many substitute species are available and people tend not to plant a species close to its altitudinal limit. This is reflected in the high standard deviations (>150 m) for the lower limit for many vegetables; for example, Dicliptera papuana, Ficus dammaropsis, Oenanthe javanica (Table 2 ) and silverbeet (Table 3) . Province) and the mean of six observations was 2250 m (SD 100 m). 4. The lesser yam is not common above 900 m. 5. The usual upper limit of sweet potato (2700 m) is derived from the 10 highest observations, not all observations (Table 7) . 6. Potato grown by villagers for subsistence only is usually planted above about 1900 m. Below 1900 m, most crops are intended for both sale and subsistence. Smith (1977a:189) records that he grew potato on Mount Wilhelm at 3580 m. Trichosanthes pulleana
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Zingiber officinale Zingiberaceae Ginger 0-1950 0-2200 -15/80 
The extreme upper limit for Ficus wassa is a Division of Botany identification from the Kaugel Valley in Western Highlands
Province. There is insufficient data to establish the usual upper altitudinal limit for F. wassa, but it is probably about 2200 m. 5. Gnetum gnemon produces both edible nuts and leaves over these altitudinal ranges. 6. The extreme upper limit of 2670 m for bottle gourd is from the upper Wage Valley in Enga Province (P. Wohlt, pers comm.). I
have not seen bottle gourd at over 2200 m. 7. Oenanthe is planted in food gardens up to the altitudinal limit of gardening (c. 2700 m) in Enga and Simbu provinces. Self-sown plants occur as high as 3000 m in Enga Province and 3400 m in Simbu Province. The mean usual lower limit of 1050 m is for locations where Oenanthe was traditionally grown. It is now commonly planted in coastal locations by highland migrants. 8. The usual range for all plantings of winged bean is from sea level to 1900 m. This species is planted mainly for tuber production over the range 1200-1900 m. 9. Rorippa schlechteri is sometimes given as Nasturtium schlechteri. 10. Rungia is planted up to about 2700 m; for example, on the Sirunki Plateau, the Kaugel Valley, the Wage Valley (Bowers 1968:89; Wohlt 1978:132; Allen 1982:112) and in the Chimbu Valley. It is not common above about 2300 m. 11. While highland pitpit is grown between sea level and 2700 m, it is more commonly planted above about 500 m. Peekel (1984:164) at 2680 m on the Sirunki Plateau in Enga Province. 5. Carrot generally produces better-quality roots at 400 m and above. 6. Lettuce can be grown at sea level in PNG, but the quality is often poor. Acceptable quality lettuce is grown at 700 m and above. 7. Mint is grown at about 2600 m in Simbu and Enga provinces, and this is probably the usual upper limit. 8. Common bean grows poorly at sea level and is usually grown above 400 m. 9. Peas grown by villagers for subsistence only are usually planted above about 1700 m. 10. Radish was grown by Smith (1977a:189) at 3580 m on Mount Wilhelm. 11. Rorippa islandica has been identified by Division of Botany staff from specimens at lower altitudes in the Baliem Valley, Papua (West New Guinea) (1600 m) and in south Simbu Province (1680 m).
terra australis 32 1. Indigenous species denotes those present in PNG before permanent settlement by Europeans (c. 1870). Introduced species were bought to PNG after 1870. Introduced species are denoted by *. The period when food crops were introduced into PNG is given by Bourke (2009b) . 2. Smooth-leaf and rough-leaf pineapple have the same usual upper altitudinal limit (1800 m). The rough leaf is less common above about 1500 m and produces better-quality fruit between about 400 m and 1200 m. 3. Watermelon is not common above about 1200 m, but is grown up to a mean usual upper limit of 1700 m. 4. Lemon grows better above about 400 m. For a fuller discussion on the optimum altitudinal range for citrus species in PNG, see Bourke and Tarepe (1982) . 5. Durian has failed to establish at Bulolo (750 m) (Simpson and Arentz 1982) , suggesting that its upper limit may be below 750 m. 6. Cumquat would almost certainly bear at higher altitudes in PNG as it is cold tolerant, but it has not been recorded growing above 1160 m. 7. Mangosteen failed to bear fruit at 550 m on the Managalas Plateau, suggesting that its upper limit may be below this. 8. Mango fruit quality is poor above about 1200 m and bearing is irregular above 1600 m. 9. Marita pandanus is not usually planted near the ocean, but it is grown inland at altitudes below 100 m; for example, near Kiunga, Popondetta, Gogol Valley and Aitape. It is more commonly planted above about 500 m. 10. Banana passionfruit plants grow as high as 3580 m, but the highest that I recorded fruit was at 2920 m (Chimbu Valley) and 2850 m (Sirunki Plateau). Self-sown plants are not common below about 2000 m, although planted vines bear as low as 1640 m (Aiyura). 11. Pometia pinnata bears edible fruit up to a mean upper limit of 800 m, but the tree grows at higher altitudes. It has been recorded at about 1700 m in the Nipa area by Sillitoe (1983:115) . 12. Peekel (1984:202) terra australis 32
1. Data for tulip nuts (Gnetum gnemon) are given in Table 2 . Indigenous species denotes those present in PNG before permanent settlement by Europeans (c. 1870). Introduced species were bought to PNG after 1870. Introduced species are denoted by *. The period when food crops were introduced into PNG is given by Bourke (2009b) . 2. Self-sown castanopsis is more common above about 1100 m, although the usual mean lower limit is 700 m. has also proven more cold tolerant than M. integrifolia in California (Cull and Trochoulias 1982) . The limited numbers of observations from PNG do not indicate a separate range for the two species; both species bear from sea level up to 1700-1800 m. Whitmore (1984:212) . 4. Plantation tea is grown over a range of 1210-1960 m in Western Highlands Province. It grows at about 750 m in the Garaina area in Morobe Province. 5. The upper limit for tigaso oil tree is based on the distribution in Southern Highlands Province (C. Ballard, pers comm. 1994). 6. Plantation Arabica coffee occurs over a range of 930 m (Wau area) to 1820 m (Asaro Valley and Wahgi Valley). For a fuller discussion on the distribution of coffee see Bourke (1984) . 7. Cordyline fruticosa has been recorded on Mount Wilhelm at 3580 m by Smith (1977a:192) . 8. The mean usual lower limit of 1850 m for blue lupin is for self-sown plants. 9. Tobacco is commonly grown under the eves of houses towards the top of its altitudinal range. However, the range for tobacco grown in the open and under shelter is the same and observations on plants grown in all situations have been combined. 10. All specimens of the fungus that causes taro blight were identified by Department of Primary Industry plant pathologists. 11. The Division of Botany has two records for highland betel pepper from about 200 m (at Aitape and Maprik), indicating that the extreme lower limit is less than the 780 m that I recorded. Gardner (2003) records that P. gibbilimbum grows to about 3000 m. 12. Black pepper does not bear at Bulolo (750 m), Garaina (760 m) or Boana (920 m), although it has borne at Pindiu (930 m) and at Erave (1080 m). Thus, the mean usual upper limit is likely to be less than 700 m. 
Scientific name

Usual altitudinal ranges
Considerable variation exists in the usual altitudinal ranges of different species. The ranges may be classed as small (<1000 m), medium (1000-2000 m), and large (2000-3000 m). This is illustrated with data on 22 crop species (Figure 2 ).
Small range (<1000 m). A number of crops are grown from sea level to altitudes not above 100 m. These include swamp taro (Cyrtosperma chamissonis), lotus (Nelumbo nucifera), water lily (Nymphaea pubescens) and Pandanus tectorius. 6 It is likely that the upper limit of these species is determined by factors other than temperature.
A number of other species have restricted altitudinal ranges (400-600 m). These either grow near the lower limit of agriculture in PNG, that is, near sea level, or near the upper limit (2700 m). Species that grow at low altitudes only include kangkong (Ipomea aquatica) (Table 2), durian (Durio zibethinus), mangosteen (Garcinia mangostana) ( Table 4 ) and pao nut (Barringtonia procera) ( Table 5 ). Presumably these species would grow in warmer conditions than those in PNG if other environmental conditions were favourable. At the other extreme are cold-tolerant species that grow only near the upper altitudinal agricultural limit in PNG. These include Rorippa islandica, broad bean (Vicia faba) ( Table 3 ) and pyrethrum (Chrysanthemum cinerariaefolium) ( Table 6 ). One species with a restricted altitudinal range does not grow near sea level, nor at the usual upper limit of agriculture. This is the cultivated karuka nut (Pandanus jiulianettii), which grows over a usual range of 800 m (Figure 2 ).
Medium range (1000-2000 m). Species that have a usual range of 1000-2000 m mostly fall into two groups. The first are tree species that bear over an altitudinal range of 1000-1250 m; for example, sago (Metroxylon sagu) ( Table 1) , breadfruit (Artocarpus altilis), sis nut (Pangium edule), okari nut (Terminalia kaernbachii) ( Table 5 ) and kapok (Ceiba pentandra) ( Table 6 ). 6 The limits for these four species are not presented in the tables as they range in altitude from sea level to less than 100 m altitude. The second group contains many species and these have a usual range from sea level to 1700-1900 m. They include three yam species (Dioscorea alata, D. bulbifera and D. nummularia), cassava (Manihot esculenta) (Table 1) , cucumber (Cucumis sativus), winged bean (Psophocarpus tetragonolobus) (Table 2) , pawpaw (Carica papaya) and five citrus species (Table 4) .
Large range (2000-3000 m). Again, there are two main groups of species in this category, although the grouping is not as marked as for the medium-range species. The first group contains species that grow from sea level up to 2200-2400 m, such as pumpkin (Cucurbita moschata), Chinese cabbage (Brassica rapa cv. group Chinese cabbage) and tomato (Lycopersicon esculentum) ( Table 3 ). The upper limit of this group coincides with the altitude above which frosts are common (c. 2200 m) and their upper limit is probably determined by annual frosts. Species in the other group have a usual range of about 2700 m because they grow from sea level to the usual limit of agriculture. These include sweet potato (Ipomoea batatas) ( Table 1) , highland pitpit (Setaria palmifolia) ( Table 2) , spring onion (Allium cepa cv. group Aggregatum), carrot (Daucus carota) ( Table 3 ) and reed (Eleocharis dulcis) ( Table 6) .
Several species have an even larger range. Watercress (Rorippa nasturtium-aquaticum) grows from sea level to 2900 m (Table 3, Figure 3) . It was not possible to define the usual upper limit of mint (Mentha spicata), but it has an extreme range of about 3600 m ( Table 3) .
Distribution of crop limits
The distribution of the upper and lower usual altitudinal limits of 160 food crops by 100 m altitudinal classes is plotted in Figure 3 . This plot illustrates the grouping of limits within a number of relatively narrow bands.
The most common single altitudinal limit is sea level, as 76 per cent (121 species) of food crops for which observations are available have their usual lower limit at sea level. A number of species have their usual lower limit between 650 m and 1150 m (28 species). Upper altitudinal limits are concentrated in three bands: 1750-1900 m, 2250-2350 m and at about 2700 m (Figure 3) . The concentration of crop altitudinal limits provides a basis for the altitudinal zones frequently recognised in PNG. These are the lowlands (0-600 m), the intermediate zone (600-1200 m), the highlands (1200-1800 m) and the high altitude zone (1800-2700 m) (Figure 2) . The lower altitudinal limits of many cold-tolerant species and the upper limits of a number of important lowland tree species occur in the intermediate zone. The large number of species with an upper altitudinal limit of 1750-1900 m defines the upper limit of the highland zone (Figure 3) .
The distinction is made in Figure-3 between food crops that pre-date European settlement in PNG in the 1870s and those that post-date European settlement. The same general pattern applies to both pre-European and post-European species (Figure 3) . However, before 1870, only a limited number of food crops had a usual lower limit other than sea level. The increase in the number of species with lower limits other than sea level reflects the adoption of cold-tolerant species for use in the highlands. These originated in both Asia and Europe (for example, cabbage, silverbeet and mulberry), and in America (for example, potato and purple passionfruit).
Usual upper limit of food gardens
Near the upper limit of agriculture in PNG, sweet-potato gardens interplanted with other food crops constitute the major agricultural activity. Sweet-potato gardens are not common above about 2700 m and this may be taken as the usual upper limit of arable agriculture. Nevertheless, in parts of the highlands, some food gardens are planted at a higher altitude. The highest garden in PNG was observed between the Sirunki Plateau and the Lagaip Valley in Enga at 2850 m (Table 7) . Persistent cloud cover and atmospheric saturations rather than low temperatures probably limit cultivation in parts of the highlands, particularly on the outer faces of the main mountain ranges (Brookfield 1964 ). Thus, the upper limit of food gardens in parts of the region occurs below 2700 m (Table 7) . 
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Based on observations in the early 1960s, Brookfield (1964:30-31) reported on the limits to cultivation in several parts of the highlands. After correcting for systematic underestimation of altitudes, the figures reported by Brookfield are similar to the upper limits that I observed. For example, Brookfield noted abandoned gardens at 9000 feet (2880 m corrected figure) in the Chimbu Valley and upper Wage Valley (Wage-Kandep uplands) of Enga Province. This is similar to my observations in the early 1980s from these locations (Table 7) .
In many parts of the highlands, two main types of food gardens may be distinguished. These are sweet-potato gardens and mixed gardens. The latter contain numerous species of food crops planted in a mixed arrangement. Sweet potato is unusual in these gardens. Cropping intensity is low and they are located on more fertile sites. I made 12 observations on the usual upper limit of mixed gardens. The mean was 2050 m (n = 12, SD = 130 m). The highest garden seen was in the Minyamb Valley at 2480 m. Some mixed gardens are also planted as high as 2500 m in the Chimbu Valley (Wohlt and Goie 1986:35-39) . The mean upper limit of this garden type coincides with the upper limit of most of the supplementary food crops that are planted in mixed gardens (Figure 3) .
The upper altitudinal limit of Colocasia taro is of particular interest because it was probably the main staple food for high-altitude dwellers before the adoption of sweet potato about 300 years ago. The mean usual upper limit for all taro planting was 2400 m ( Table 1 ). The mean upper limit for monospecific taro planting is lower, at 2250 m. Thus, the mean upper limit of arable agriculture before the introduction of sweet potato into the highlands was probably about 2200 m, assuming climatic conditions were similar to those prevailing today. Triploid banana cultivars had a mean usual limit almost as high, at 2150 m, in the early 1980s ( Table 1) . As banana is likely to have been an important supplementary food to taro, this reinforces the suggestion that the upper limit for agriculture before the adoption of sweet potato was about 2200 m.
Variation between locations
These data on crop altitudinal limits confirm earlier studies on temperature and vegetation boundaries (McAlpine et al. 1983:94) that indicate that the mass mountain heating effect operates in PNG. This is the phenomenon, also known as Massenerhebung, whereby large mountains and the central parts of large ranges are warmer at a given elevation than small mountains and outlying spurs (Van Steenis 1961; Whitmore 1984:253) .
Data on the usual altitudinal limits for 12 crop species at 10 locations in the central highlands between 1500 m and 2500 m are presented in Table 8 . The usual upper limits for five crop species at 15 locations between 700 m and 1400 m are given in Table 9 . The same data for selected species and locations are given in Figures 4 and 5 . Within the central highlands, the usual limits for these species do not vary greatly among locations. Upper limits are lower for most species at the two locations in Southern Highlands Province. The same phenomenon occurs throughout that province and probably reflects high cloud cover and infertile soils. 7 The upper limits for most species are particularly high in the upper Chimbu Valley (Table 8 ) and many of the extreme upper altitudinal figures in Tables 1-6 were observed in this valley. There is a greater difference in usual upper altitudinal limits among locations on smaller island ranges and the main ranges of New Guinea (Table 9, Figure 5 ). On the small islands of Bougainville, New Britain and New Ireland, the limits are lower than on the large island of New Guinea. Limits are also lower on the Managalas Plateau and Kokoda Trail. This probably reflects the fact that these two places are further south (about 9 o S) and thus experience somewhat lower temperatures in the middle of the year.
The comparison between altitudinal limits in the Snake Valley, Wau area and Slate Creek Valley illustrates microclimatic differences. These locations are close to one another ( Figure  1 ). The Slate Creek Valley and Wau area are broad valleys, with predominantly grasslands on the valley floor. In contrast, Snake Valley is narrower and the dominant vegetation is forest. The upper altitudinal limits for crops are generally lower in Snake Valley than in the other two (Table 9, Figure 5) . Presumably, the broader grassland valleys have a slightly higher maximum temperature than the narrower forested valley and this is reflected in the crop limits.
Influence of cultivars on species limits
Data presented here are generally at the species level. It is implicit that these observations are for the cultivars presently grown in PNG. However, other cultivars may have somewhat different limits, as it is well established that cultivars do not have the same tolerance of temperature extremes. See, for example, Laing et al. (1983:243) on common bean (Phaseolus vulgaris) and Wu et al. (1974) on sweet potato. Data presented here give some indication of cultivartemperature interactions in PNG. For example, triploid bananas grow to a mean of 350 m higher than diploid cultivars ( Table 1) .
Recognition of altitudinal divisions
For a number of locations in the highlands and highlands fringe, it has been documented that villagers distinguish with separate terms 'warmer' and 'cooler' zones, based in part on crop altitudinal limits. Some examples of these breaks are: in the Karimui area of Simbu Province, where people recognise a break at about 1100 m (Hide et al. 1984:17, 211) ; in the Bundi area on the other side of the main ranges, where a break is known at 1450 m (author's field work, 1984); in the Marigl Valley of Simbu Province, where people speak of a break at about 1850 m (author's field work, 1988); in the Lai Valley in Enga Province, where villagers recognise an ecological break also at 1850 m (Meggitt 1958:314) ; and in the Sinasina area of Simbu Province, where the villagers note an ecological break at about 2100 m (Hide et al. 1979:5) .
It is likely that this perception of a warmer and cooler zone dichotomy based on crop performance and altitudinal limits is widespread within the PNG highlands and that the actual altitude of the ecological break varies between locations. Such breaks are probably more commonly recognised where a number of important species have usual upper or lower limits in a narrow range, particularly at about 1800 m (Figure 3 ).
Crop altitudinal limits in PNG and some other equatorial countries
It is difficult to compare altitudinal limits between an equatorial location, such as PNG, and a non-equatorial location because of the confounding influence of latitude on temperature and crop growth. However, cautious comparisons are possible with other equatorial locations; for example, maize and sweet potato (Table 10 ) and a number of crop species that are common to both PNG and Indonesia (Table 11) .
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For maize, sweet potato and some other crops for which data are available (such as cassava), altitudinal limits are generally higher in PNG than in East African locations. The PNG limits are generally lower than those in the Andes of South America (Table 10) . Limits are generally much higher in PNG than in Indonesia (Table 11 ). These differences are again a likely reflection of the mass mountain heating effect. The mountains of the Andes are more massive than the New Guinea mountains, which in turn are larger than the ranges of the Indonesian islands. This is consistent with observations from within PNG, where altitudinal limits are higher on the island of New Guinea than on the smaller islands of Bougainville, New Britain and New Ireland (Table 9) . Morgan (1968) and Yen (1974) were in thousands of feet. 2. Jana's discussion covers Kenya, Tanzania and Uganda. 3. The extreme altitudinal limit for maize given by Yen (1974) is for Bolivia and Peru. His extreme limit for sweet potato is for Bolivia and Ecuador. 
Impact of climate change on crop limits
Most observations reported here were made in the early 1980s. Thus, they provide baseline data on crop growth that can be used in the future to assess the impact of increasing temperature associated with global climate change. An analysis of changes in temperatures up to 1999 was made for nine coastal stations by Bourke et al. (2002) . They found that maximum, mean and minimum temperatures increased in the PNG lowlands by a mean of 0.6°C between 1970 and 1999; that is 0.2°C per decade. Datasets that covered a longer period, from 1904 in the case of Port Moresby, indicated that increases in temperature had been greater from the mid 1970s onwards, which is consistent with the global pattern. The only highland station for which good quality long-term data were available was Aiyura (1640 m) in Eastern Highlands Province. There, the maximum temperature increased by 0.75°C over the period 1977-2001, a rate of 0.3°C per decade.
In the period 1980-1982, coconut palms grew at altitudes as high as 1760 m, but the highest palms that bore nuts were at 1310 m. By 1999, coconut palms were bearing as high as 1450 m.
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The increase in the altitude at which coconuts bore nuts was 140 m over a 20-year period, which suggests that temperatures increased by about 0.7°C over this period. This is consistent with the recorded increase in temperature at Aiyura between 1977 and 2001. By mid-2009, coconut palms were bearing small nuts near Goroka, at 1560 m. This was 110 m higher than the highest recorded bearing palms 10 years earlier. Presuming this difference was caused by increasing temperatures, and this is the most likely explanation, this implies a temperature increase of 0.57°C in 10 years -an extremely high rate of increase. This suggestion needs to be checked against long-term temperature data, which are available from Aiyura.
The recorded increase in the altitude at which coconut palms bear is also consistent with observations by many villagers that coconut, betel nut, breadfruit and other tree crops were bearing at higher altitudes in the 1990s and 2000s than in the 1970s and 1980s. At Nokopo village on the Huon Peninsula in Morobe Province, people claim that the climate warmed during the 1980s. They cite the facts that they could plant marita pandanus (Pandanus conoideus complex) in this period for the first time; that certain species of birds occupied higher-altitude locations; and that there had been an increase in altitude at which a certain palm could be grown (Kocher Schmid 1991:27) .
Bananas also provide evidence of the impact of increasing temperature in the highlands. Up to the end of 1978, bananas were not grown at Tambul (2300 m) in Western Highlands Province. From the mid-1980s onwards, people started to plant bananas, which bore fruit in that area (M. Gunter pers comm. 2001) .
These limited observations indicate increasing temperature in the New Guinea highlands. As temperatures continue to increase in the coming decades, the observations reported here, particularly the detailed observations at named locations, can be used to assess the rate of increase (Tables 8 and 9 ).
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Appendix 1. Lapse rates in Papua New Guinea
Temperature in PNG declines with increasing altitude (McAlpine et al. 1983:92) . The rate of decline is termed the lapse rate. A number of authors have calculated lapse rates for PNG. I have recalculated them here because more accurate information is now available on the altitude of weather stations. (Earlier figures underestimated true altitudes by up to 100 m.) As well, more long-term data has became available for some stations, particularly in the altitude range of 2000-3000 m.
Previously published information on lapse rates for PNG is firstly summarised. Fitzpatrick (1965) and McAlpine (1970) quoted a general lapse rate of 5.5°C per 1000 m. McAlpine et al. (1983:91-95 ) gave a lapse rate of 6.7°C for mean maximum temperature and 5.4°C for mean minimum temperature for stations above 500 m altitude. The altitudes used by these authors were generally too low. Humphreys (1981a) , using corrected altitude figures, calculated 36 lapse rates for non-coastal locations of mainland PNG. In a later publication, he gave lapse rates for a narrow strip that covers Simbu Province (Humphreys 1984:26-30) . Researchers at the Centre for Resource and Environmental Studies at the Australian National University devised a computer program that generates lapse rate surfaces for all of the island of New Guinea. This provides estimates of maximum and minimum temperatures as a function of latitude, longitude and altitude (H. Nix, pers comm. 1988) . Humphreys (1981b) calculated a theoretical lapse rate for soil at 50 cm depth in PNG. Dronia (1983) recorded soil temperatures at various depths and altitudes in three regions of PNG. He gave the lapse rate at a depth of 50 cm as 4.6°C per 1000 m between sea level and 2600 m and commented that this value is probably one of the lowest soil lapse rates on earth.
Temperature data covering a minimum of three years are available from 31 non-coastal locations in PNG. All except Panguna are located in the eastern half of the island of New Guinea and are a minimum of 20 km from the ocean. The 30 stations on New Guinea lie between latitudes of 3°30' S and 8°40' S and between longitudes of 141°40' E and 148°20' E. Mean temperatures for these non-coastal stations are presented in Table A1 .
The relationship between altitude and mean maximum/minimum temperature is shown in Figure A1 . The moderating influence of the ocean is apparent for coastal locations. The mean maximum temperatures for coastal locations are less than those for non-coastal lowaltitude locations. The mean minimum temperatures are greater than those for non-coastal low-altitude locations. For non-coastal locations, there is a regular linear decline in temperature with increasing altitude. This decline in temperature may be expressed as a series of equations, as follows: x is the altitude in metres r is the regression coefficient.
All three regressions are highly significant (P<0.001) and explain between 92 and 97 per cent of the variation. These regressions are similar to those derived by Humphreys (1981a) . The terra australis 32 lapse rates are 5.2°C per 1000 m. This is somewhat lower than many other locations on the globe, as the mean global lapse rate is about 6°C per 1000 m (Giddings 1980:17) . For the two non-coastal stations located in either coastal ranges (Lumi in Sandaun Province) or on an island range (Panguna on Bougainville Island), the mean maximum temperature is lower than for locations on the fringe of the central highlands of New Guinea ( Figure A1) . McAlpine et al. (1983:94) suggested that data from these two locations indicate that maximum (but not minimum) temperatures are depressed in isolated coastal and island ranges. However, observations on crop altitudinal limits from locations on the northern side of the mountainous Huon Peninsula, including the Nankina Valley and Teptep area, suggest that temperatures are high for the altitude in those locations (Table 8) . Thus the observations from the Huon Peninsula contradict the hypothesis of McAlpine et al. (1983) . Observations made on crop altitudinal limits in island ranges on New Britain, New Ireland and Bougainville islands indicate that temperatures are lower at any given altitude than on the island of New Guinea, and this is consistent with the temperature recordings from Panguna (Table 9 ).
Appendix 2. The influence of altitude on crop development and yield in Papua New Guinea
As well as setting limits to crop growth, altitude (that is, temperature) influences the rate of crop development and yield. There is very little information from PNG about the relationship between altitude and crop development or yield. Detailed studies, such as that done by Cooper (1979) which examined the influence of altitude on maize growth in Kenya, and that done by Laing et al. (1983) on the effect of altitude on Phaseolus beans in Colombia, have yet to be done in PNG.
It is widely recognised within PNG that crops require more time to attain maturity in the cooler highlands than in lowland locations. It is not generally recognised that the final crop yield per unit area is commonly higher in the highlands than in the lowlands. For example, an experimental yield for sweet potato of 20 tonnes per hectare (t/ha) would be considered high in the lowlands. In contrast, experimental yields at highland locations of 20-30 t/ha are not uncommon. This occurs because there is a longer period available for the plant to accumulate carbohydrate during its growth cycle in the highlands. 
Arabica coffee
Despite the importance of Arabica coffee to the PNG economy and the wide altitudinal range over which it is grown (700-2050 m), very little is known about the influence of altitude on its growth. It has been observed by some that the harvesting season starts later at higher altitudes. For example, Joughin and Thistleton (1987:23) , following a rapid rural appraisal, state that this is the case in the Jimi Valley over an altitudinal range of about 1400-2000 m.
In that location, coffee harvesting is reported to start in April-May in the lower part of the valley, in May-June in the middle valley, and in July-August at higher locations. Similarly, in the Asaro Valley west of Goroka, the main coffee flush is reported as July-August at 1600 m, but in August-September at 1800-2000 m (B. Carrad, pers comm. 1990).
Marita pandanus
Marita pandanus is grown from just above sea level to a mean upper limit of 1700 m in PNG (although it is generally not grown adjacent to the ocean) ( Table 4) . Information on fruiting seasons of marita pandanus at 25 different locations in PNG was assembled by Bourke et al. (2004:155, 198) . These data are qualitative not quantitative, except for those from the four highest locations. As well, the timing and duration of the fruiting season varies somewhat between years. Despite these limitations, the available information indicates a strong negative linear relationship between the length of the fruiting season and altitude. Near sea level, the fruit are available year round. The cropping season starts later in the year and is shorter at higher altitudes. Towards the top of the crop altitudinal range, the fruiting season is limited to four months. The relationship between the length of the fruiting season and altitude can be expressed as follows: Y = 10.01 -0.004x r = 0.6542** where: Y is the fruiting season in months x is the altitude in metres r is the regression coefficient.
The relationship is highly significant and explains 43 per cent of the variation. When two outlying data points are excluded, the relationship becomes much stronger and explains 89 per cent of the variation. See Figure 92 in Bourke et al. (2004) and its reproduction in a modified form in Figure 1 .13.4 by Allen and Bourke (2009) .
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Potato
In Simbu Province, Goodbody (1982) compared the performance of six cultivars of Solanum potato at two altitudes. At 1500 m, the crops needed 81-93 days to mature, whereas at a higher-altitude location (2400 m), they required a longer period (101 days). For all six cultivars, mean tuber weight was greater at 1500 m than at 2400 m. However, for five of the six cultivars, more tubers developed per plant at the higher-altitude location. This resulted in a higher yield per hectare at the higher location.
Pyrethrum
By 1980, pyrethrum cultivation was restricted to locations above 2400 m, but when the crop was first introduced to PNG villagers in the late 1960s, it was grown as low as 1800 m. Data on yields from village plantings in the 1960s from five locations in Enga were presented by Quinlan (1968) . The mean yield of flowers harvested per eight months has been plotted against corrected altitudes ( Figure A2 ). This shows a striking positive relationship between flower yield and altitude. These data show that mean yields at 2700 m are about three times greater than those at 1900 m. This suggests that the contraction of pyrethrum plantings by villagers from the 1970s onwards to locations above 2400 m occurred because yields are unacceptably low below this altitude.
The linear regression between pyrethrum flower yield and altitude is: Y = -872.3 + 0.604x r = 0.990*** where: Y is the yield of dried flowers in kg/ha x is the altitude in metres r is the regression coefficient.
The statistical relationship is very highly significant (P< 0.001) and explains 98 per cent of the variation.
Sweet potato
In Simbu Province, Goodbody (1984) recorded the time to first harvest and tuber yield from 72 village plantings of sweet potato over an altitudinal range of 1400 m to 2600 m. He found Figure A2 . Yield of pyrethrum flowers over eight months in village plantings, Enga Province vs altitude (after Quinlan 1968) that the tuber yield was not related to altitude. However, the period to first harvest increased with increasing altitude. The relationship was as follows:
where: Y is the number of days to first harvest x is the altitude in metres r is the regression coefficient.
The relationship suggests that sweet potato would mature at sea level (x = 0) at 149 days before it was planted. Clearly this is not true and the linear regression found by Goodbody does not hold over the entire altitudinal range of sweet potato in PNG (sea level to 2850 m).
Appendix 3. Recording the altitude of locations in Papua New Guinea
The purpose of this note is to explain how to record the altitude of locations within PNG with reasonable accuracy. The most convenient method for recording altitude is to use an altimeter. However, altimeters measure air pressure, not altitude. Hence, it is necessary to adjust the instrument before it is used. It is also helpful to make certain corrections to ensure that the reading taken from the instrument is as accurate as possible. The altitudes given on older maps and on signposts for many locations in PNG are frequently incorrect. This is because the readings are based on uncorrected readings taken from aircraft altimeters.
Adjusting the instrument
Altimeters can be adjusted so that the instrument reading is the same as the altitude of a known point. This is known as 'zeroing'. The altitudes of locations in PNG can be obtained from trigometric points or spot heights marked on the 1:100 000 topographic maps. For example, the trigometric point at Kundiawa airstrip is at exactly 1525 m above sea level. So persons working out of Kundiawa should adjust their altimeters to 1525 m at the airstrip or the government offices in Kundiawa before leaving town. The altitudes of some urban areas in the highlands are given in Table A2 .
Correcting the reading
A good quality altimeter gives a reasonably accurate measure of the altitude of a location, provided that it has been correctly adjusted at a point of known altitude. However, there are still other sources of error that may influence the reading. It is possible to make corrections for these so that the reading is accurate to within plus or minus 20 m of the actual altitude of a location.
There are three sources of error in altimeter readings:
Pressure surface flows into mountains; • The effect of daily variation in air temperature on air pressure; • Rapid changes in air pressure, often associated with storms. •
Pressure surface flows
Air is constantly being forced into the highlands. The effect of this is to increase air pressure slightly. Hence, altimeter recordings are somewhat lower than they would be if this was not terra australis 32 occurring. So even if an altimeter is adjusted accurately at sea level, the instrument will give a slightly low reading when it is taken into the highlands. This is the reason that many altitudes quoted for highland locations are too low.
I have found that it is possible to correct for pressure surface flows using a simple formula. The formula is accurate at least between sea level and 3000 m. The correction factor follows.
For locations higher than where an instrument was adjusted, add 10 m to the reading for every 200 m you have risen above where the instrument was zeroed. For example, on a flight between Lae and Goroka, an altimeter is adjusted to zero at Lae airstrip. When the aircraft reaches the hangar in Goroka, the altimeter is reading 1520 m. The correction factor is: When travelling between locations of known altitude over short periods, I have found that use of this correction factor gives a corrected altimeter reading that is generally accurate to within plus or minus 10 m of the true altitude.
Daily variation in air temperature
Changes in air temperature also influence air pressure and hence altimeter readings. Because temperature varies during the day, there is generally a daily cycle in instrument recordings. If an altimeter is kept in one location and read at hourly intervals, the pattern will be similar to that shown in Figure A3 . (These recordings were made in Kundiawa at 1550 m. The instrument was not moved during the day.) During the early morning, there is little change in the instrument readings. Between late morning and early afternoon the reading rises fairly rapidly. Typically, the greatest change occurs between about 11 am and 2 pm. The reading is fairly steady between mid and late afternoon. It then declines steadily until late at night. The instrument reading increases and decreases by 20 m to 30 m during a typical day in the highlands. It is possible to adjust for this source of error by adjusting the instrument at a location of known altitude. This is best done in the early afternoon when the effects of changes in air temperature have stabilised. In practice, it is often not possible to adjust the instrument during field work because the exact altitude of locations will not be known. However, it is still possible to make a crude adjustment.
To do this, record the time of day that any altitude recordings are made. Also record the instrument reading when you return to your base at the end of the day. The reading will typically be 20-30 m greater than when you adjusted the instrument at the base in the morning. Assume that this increase occurred evenly between 11 am and 1-2 pm and adjust the field recordings accordingly. For example, you set your instrument to 2080 m at Wabag at 8 am. When you return to Wabag at 4 pm it is reading 2110 m; that is, the reading is 30 m higher. So deduct 10 m from any recordings made between 11 am and noon, deduct 20 m from any recordings made between noon and 1 pm and deduct 30 m from any recordings made after 1 pm.
Rapid changes in air pressure
In general, air pressure is quite stable in PNG. However, large changes in air pressure sometimes occur, often associated with low-pressure fronts and storms. These rapid changes in air pressure will markedly affect an altimeter reading. Just before a storm there is sometimes a rapid drop in air pressure and this results in an increase in the instrument reading. There is no simple correction for this unless one maintains a base recording station. In practice, however, sudden changes in air pressure and hence in altimeter readings are not common in PNG. But these changes in air pressure highlight the need for instruments to be adjusted correctly at a point where the altitude is known before they can be used to record the altitude of other places.
Conclusion
An altimeter can be used in PNG to record the altitude of locations usually within an accuracy of plus or minus 20 m of the actual altitude. It is necessary for the instrument to be adjusted before use at a location where the altitude is known accurately.
The recordings obtained are highly accurate only when taken soon after adjusting and only at similar altitudes to the point where the instrument was adjusted. When the instrument is used several hours after adjustment and more than 200 m higher or lower than the point of adjustment, it is necessary to make certain corrections to allow for this. When these corrections have been made, recordings are generally within plus or minus 20 m of a location's actual altitude. Figure A3 . A typical pattern for hourly altimeter readings for a highland location during the course of the day (where the instrument is not moved) terra australis 32 The altitudes of stations were obtained from the 1:100 000 map sheets or adjusted altimeter recordings made by the author. 
